Abstract. The purpose of this study is to determine the effects of aggregate size as well as the paste volume on unit weight, connected porosity, water permeability coefficient, compressive strength, and flexural strength of pervious concrete. Four aggregate sizes and four filled percentages of voids by cement pastes were selected as variables. Test results show that the unit weight, compressive strength, and flexural strength of pervious concrete increased with an increase of the filled percentage of voids by cement pastes, but decreased the connected porosity and water permeability coefficient. Pervious concrete with aggregate size of 0.24 -0.4cm and 90% filled percentage of voids by cement pastes had the highest compressive strength of 25 MPa. Meanwhile, the water permeability of this mixture was higher than 0.01 cm/s which can be classified as the pervious concrete according to the Japan Road Association (JRA).
Introduction
Pervious concrete is a special class of concrete that has a relatively high proportion of large sized pores (2-8mm typically), and a larger volume fraction of such pores (15-30% typically) [1] . The design concept of pervious concrete is to pack coarse aggregates (usually a narrow grade) and then to use the cement paste to wrap aggregates and leave voids unfilled. Meanwhile, it should be designed to maintain both porosity and the structural strength as a new material type for pavement [2] . Due to its superior permeability, pervious concrete is considered as a good alternative in flood control and in reducing the heat-island effect [3] . When pervious concrete is used as pavement, it has the higher sound absorption characteristic and better anti-skid performance compared to asphalt concrete.
Pervious concrete may have a lower compressive strength than traditional concrete due to the voids. Most pervious concretes have 28-day compressive strength lower than 21MPa, which is the minimum required compressive strength for structural use [4] . The compressive strength of pervious concrete depends on porosity, which is highly dependent on aggregate size, shape and gradation [5] [6] [7] [8] . Fu et al. studied the effect of aggregate sizes and binder materials on the properties of pervious concrete [5] . As the maximum size of the coarse aggregate increases, both the permeability and porosity grows up [7] . Crouch et al. [8] found that smaller aggregates will produce a higher compressive strength than larger aggregates, and will result in similar porosities. Erickson [9] found that pervious concrete with crushed aggregate shows superior performance to pervious concrete. Yahia and Kabagire [10] indicated that the increase in ratio of paste volume (PV) to inter-particle void (IPV) increased strength and density, but decreased porosity and permeability of pervious concrete. It is quite contraversial for requiring the high permeability and high compressive strength at the same time. The design approach of pervious concrete is mainly based on suitable selection of well graded aggregate varying the paste volume until the required properties are achieved. In this study, the mechanical properties of previous concrete with four aggregate sizes and four filled percentages of voids by cement pastes selected as variables were investigated.
Experimental Program

Materials
This study used type I ordinary Portland cement (OPC) that conforms to the American Society for Testing and Materials (ASTM) C150-16 standard [11] . Coarse aggregate (CA) collected from the river in I-Lan County, Taiwan, was used. Four particle sizes of CA were used and their physical properties was listed in Table 1 . River sand with its fineness modulus, bulk density and absorption of 2.33, 2580 kg/m 3 and 2.94%, respectively, was used as a fine aggregate. 
Mixes Design and Specimens Preparation
The design idea of pervious concrete is to pack coarse aggregates (usually a narrow grade) and then using cement pastes to wrap aggregates and leave partial voids unfilled. The remaining voids were to allow water penetration. In this study, four filled percentages of voids by cement pastes were selected as variables. The water/cement (denoted as w/c) ratio of 0.35 was selected. Therefore, the variables considered here include the aggregate types and the filled percentages of voids by cement pastes. Mix designs and the variables considered are given in Table 2 . The specimens were cast and kept in steel molds for 24 hours, and then they were demolded and moved into a curing room at relative humidity of 80% RH and 25℃ until testing. The specimens were tested in triplicate sets until the time of testing. 
Methods
This study is to investigate the effects of particle sizes and cement pastes on mechanical properties of pervious concrete. Cylindrical specimens with diameter of 10cm and height of 20cm were made for unit weight test, connected porosity test, water permeability coefficient, compressive strength and flexural strength. Unit weight was measured based on the ASTM C138 [12] . Connected porosity test was determined by the equation described in [4] . Water permeability coefficient was calculated using the constant-head permeability test, which is based on the Pavement Test Manual established by the Japan Road Association. Compressive strength was determined based on the ASTM C39 [13] for cylindrical concrete specimens. Flexural strength was determined based on the three-point bending test according to ASTM D790 [14] for cylindrical concrete specimens at the age of 28 days.
Results and Discussion
Unit Weight
The results of the unit weight for all mixes are listed in Table 3 . It can be seen that as the filled percentage of voids by cement pastes increased, the unit weight increased as well. However, the effect of aggregate size on unit weight is not obvious. For the same aggregate size, it is natural that the unit weight increased because more voids were filled by cement pastes as the filled percentage of voids increased.
Connected Porosity
The total porosity in pervious concrete includes disconnected porosity and connected porosity, and the connected porosity is the primary influencer of water permeability. The results of connected porosity for all mixes are also listed in Table 3 . As the filled percentage of voids by cement pastes increased, the connected porosity decreased for any specimens with the same particle size aggregate. It is natural since when the filled percentage of voids increased, more voids were filled by cement pastes and consequently the connected porosity decreased. In addition, under the same condition (the same void filled percentage by cement paste), higher connected porosity for pervious concrete made with large aggregate particle size has been obtained than that for pervious concrete with small aggregate particle size. Since the initial porosity for small aggregates is higher than that for large aggregates, it is then expected that after filling voids under the same void filled percentage by cement paste the resulting connected porosity of pervious concrete made with large aggregate should be higher than that with small aggregate. It indicates that the connected porosity of pervious concrete increased with an increase of particle sizes. Water permeability coefficient is the most important index to check the performance of pervious concrete. According to the requirement of Japan Road Association (JRA), concrete with its water permeability coefficient greater than 0.01 cm/sec can be categorized into pervious concrete. Table 3 .
Water Permeability Coefficient
shows the water permeability coefficient of specimens with particle sizes and different filled percentage of voids by cement pastes. The water permeability coefficient of all mixes satisfied the requirement of JRA and decreased with an increase of the filled percentage of voids by cement pastes. Meanwhile, the larger the particle size of aggregate is, the higher the water permeability coefficient is obtained for specimens provided the same filled percentage of voids by cement pastes. The result of the water permeability coefficient is consistent with that of connected porosity.
Compressive Strength
Compressive strength is the most important index in assessing the mechanical properties of concrete. Usually, the compressive strength for structural concrete needs to exceed 21 MPa at the age of 28 days. For the pavement with high travel flow such as the highway pavement or runway pavement in airport, the compressive strength needs to surpass 35 MPa at the age of 28 days. For pervious concrete, it contains more voids than the common concrete due to different design concept. It is known that the mechanical quality of pervious concrete mainly depends on the point-wise connection between aggregates due to the fact in pervious concrete and we do not fill space between aggregates fully with paste. Figure 1 . displays the compressive strengths of pervious concrete with different filled percentage of voids by cement pastes at the age 28 days. It demonstrates that the pervious concrete with small particle size aggregates has the highest compressive strength than any others at the age of 28 days. The compressive strength of all specimens increases with an increasing filled percentage of voids by cement pastes. Among all concrete mixes, the pervious concrete made with aggregates (0.24 -0.4cm) and 90% filled percentage of voids by cement pastes had the highest compressive strength of 25 MPa which is already exceed the lowest strength requirement (21 MPa) of structural concrete.
Later from data of water permeability, we can find out that the water permeability of this mixture was higher than 0.01 cm/s and can be classified as the pervious concrete according to the Japan Road Association. In other words, the pervious concrete with structural strength is possible by using aggregates with particle size of 0.24 -0.4cm. 
Flexural Strength
For pavement design, the flexural strength may be more important than the compressive strength. The flexural strength for all mixes at the age of 28 days is shown in Figure 2 . The flexural strength for all mixes ranged from 2.31 to 4.52 MPa at the age of 28 days. Basically the trend for flexural strength is similar to that of compressive strength. The flexural strength for pervious concrete with higher filled percentage of voids by cement pastes was higher than that with lower filled percentage of voids. As aggregate size increased, the flexural strength decreased. 
Conclusions
This study investigates the effects of particle sizes and cement pastes on mechanical properties of pervious concrete. On the basis of test results, the following conclusions should be drawn:
(1) The filled percentage of voids by cement pastes increased, the unit weight increased as well. However, the connected porosity and water permeability coefficient decreased for any specimens with the same aggregate size.
(2) The compressive strength, flexural strength, and splitting tensile strength of pervious concrete with higher filled percentage of voids by cement pastes were higher than those with lower filled percentage of voids. As the aggregate size increased, all the strengths decreased.
(3) The pervious concrete made of aggregates with particle size of 0.24 -0.4cm and filled 90% of voids by cement pastes had the highest compressive strength of 25 MPa which is already exceed the lowest strength requirement (21 MPa) of structural concrete and the water permeability of this mixture was higher than 0.01 cm/s and can be classified as the pervious concrete according to the Japan Road Association.
